Abstract-One of the future challenges in modular multilevel converters (MMCs) is how to size key components with compromised costs and design margins, while fulfilling specific reliability targets. It demands better thermal modeling compared to the state-of-the-arts in terms of both accuracy and simplicity. Different from two-level power converters, MMCs have inherent dc-bias in arm currents and the power device conduction time is affected by operational parameters. A time-wise thermal modeling for the power devices in MMCs is, therefore, an iteration process and timeconsuming. This paper, thus, proposes a simple analytical thermal modeling method, which adopts equivalent periodic power loss profiles. More importantly, time-domain simulations are not required in the proposed method. Benchmarking of the proposed methods with the prior-art solutions is performed in terms of parameter sensitivity and model accuracy with a case study on a 30-MW MMC system. Experiments are carried out on a specifically designed scaleddown system to verify the electrothermal aspects.
I. INTRODUCTION

M
ODULAR multilevel converters (MMCs) are promising in medium-and high-power applications [1] . In highvoltage direct current (HVdc) transmissions [2] , [3] and highpower motor drive systems [4] , MMC systems rated of more than 1000 MW are commissioned or planned [5] .
In the literature, many research efforts have been devoted to the basic operation and control of MMCs, such as capacitor voltage balancing [6] , steady-state modeling [7] , modulation [8] , and circulating current control [9] . However, as the MMC is the key equipment in HVdc systems, which are exposed to harsh environments, the reliability has become a major The authors are with the Department of Energy Technology, Aalborg University, 9220 Aalborg, Denmark (e-mail: yiz@et.aau.dk; hwa@et.aau.dk; zho@et.aau.dk; yoy@et.aau.dk; fbl@et.aau.dk).
Color versions of one or more of the figures in this paper are available online at http://ieeexplore.ieee.org.
Digital Object Identifier 10.1109/TIE.2018.2823664
concern. Unfortunately, most of the prior-art reliability studies of the MMC focused on the postfailure protection (e.g., redundancy [10] and fault protection [11] ). Design for reliability (DfR) [12] was introduced to power electronic systems to fulfill the reliability target in the design process. However, the DfR concept is rarely considered in MMC systems. To reach the reliability target with DfR, a component-level reliability analysis should be performed first. As a great deal of the insulated gate bipolar transistor (IGBT) power devices are used in MMCs, the reliability of the IGBT power devices is then critical, as a prerequisite for the lifetime prediction of the entire system [13] . In respect to the reliability analysis of the IGBT modules, junction temperature swings contribute to repetitive thermalmechanical stresses, which in return are accumulated as fatigue on the devices. Consequently, the estimation of the thermal behaviors (i.e., temperature swings) is essential for the lifetime prediction and also for the DfR. In [14] , temperature swings are classified into two categories: 1) thermal cycling due to load variations with mission profiles, typically varying from seconds to minutes; and 2) thermal stresses at the periodic power loss profiles due to fundamental-frequency currents. Compared with the first type of temperature swings, the amplitude of the thermal cycling at the periodic power loss profile is relatively small in typical applications. However, the accumulated fatigue cannot be ignored, as pointed out in [14] and [15] . Moreover, it has been experimentally verified in [16] that a large number of minor thermal cycles actually accelerate the aging of the power devices toward the end of life. Nevertheless, the impact of the thermal stresses at the periodic power loss profiles is commonly neglected in the lifetime prediction of MMCs [17] , leading to inaccuracy. To improve the reliability prediction, the thermal behaviors at the periodic power loss profile should be considered and properly estimated.
Moreover, in respect to the design of cooling systems, a proper estimation of the junction temperature swings is also important. This is more critical in MMC-based motor drive applications [4] . In this case, the minimum fundamental frequency at the rated power can be as small as 2-5 Hz. According to [18] , for a typical IGBT module, the maximum junction temperature swings in such applications may exceed up to 3 or more times than the value at 50 Hz. Hence, it further emphasizes the estimation of thermal swings at the periodic power loss profiles.
However, there are many challenging issues to be tackled when estimating the thermal stresses. In two-level conventional converters, the IGBT chips and the diodes of an IGBT module are conducting in a half of the cycle period. This means that the power losses in the devices appear only for one half-period. Then, the junction temperature varying within the period of the fundamental frequency can be obtained, considering a fixed half-sine loss profile [19] or a fixed square loss profile [18] . However, since the inherent dc-bias exists in the arm currents of the MMC, the IGBT chips, and the diodes are not conducting 50% in a cycle of the fundamental frequency. The loss duration for power devices of the MMC is tightly coupled with its operational parameters, which leads to more complicated calculation of the junction temperature behaviors at periodic power loss profiles.
Therefore, this paper proposes a simply thermal modeling method to estimate junction temperature swings at periodic power loss profiles for the power devices in MMC systems. The impact of operational parameters are also considered. The rest of this paper is organized as follows. In Section II, the configuration of an MMC system and the instantaneous power device losses are discussed. In Section III, an equivalent loss curve is proposed to estimate the junction temperature behaviors. Considering the operational parameters, the equivalent loss curve has the same energy and the same loss duration as the instantaneous power loss profile. Thermal equations are then used to map the junction temperature swings. In Section IV, the parameter sensitivity is discussed with simulations on a full-scale 30-MW MMC system. Additionally, experimental tests on a down-scale system are provided in Section V. Both simulation and experimental results validate the analysis. Finally, concluding remarks are provided in Section VI. Fig. 1 shows the schematic diagram of a typical three-phase MMC system. Each phase of the MMC consists of two arms and each arm comprises N submodules (SMs) connected in series and an arm inductor L arm . In each SM, half-bridge (HB) and fullbridge topologies can be adopted [2] , [5] , [20] , where the most commonly adopted topology is the HB-SM as shown in Fig. 1 . Clearly, there are two IGBT modules, that is, the upper IGBT module (denoted as S 1 and D 1 ) and the lower IGBT module (S 2 and D 2 ).
II. SYSTEM DESCRIPTION AND INSTANTANEOUS POWER LOSSES
A. Circuit Configuration of an MMC
The following analysis is valid for any of the six arms of the MMC. For simplicity, the subscripts of a, b, c have been omitted. In steady state, the arm current consists of a sinusoidal component at the fundamental frequency, a dc-bias depending on the active power, and additional even-order harmonics (i.e., 2nd, 4th, 6th, ...). However, as a circulating current control scheme can be embedded in MMC systems, the even-order harmonics are relatively small and have negligible effects on the electrothermal behaviors. Then, the arm currents can be written as follows:
where I ac is the peak value of the ac current, ω is the angular frequency, and ϕ is the phase-shift angle that denotes the power factor of an MMC system. With the relationship between the dc current and ac current in [7] , the arm currents can be rewritten as
in which m is the modulation index (m = 2U ac /U dc ) and U ac is the maximum value of the ac voltage. According to [7] , the insertion indexes of the upper arm and the lower arm are denoted by N p and N n , that is
Taking an SM in the upper arm as an example, the switching function of S 1 and D 1 is identical with the insertion index of N p . On the contrary, S 2 and D 2 operate in a complementary way. Therefore, the duty ratios of the four power devices are expressed as follows:
with M S1 , M D1 , M S2 , and M D2 being the corresponding duty ratio of the devices S 1 , D 1 , S 2 , and D 2 .
B. Power Device Loss Distribution
As discussed in [21] , the power dissipation of a power device includes conduction losses and switching losses. The average conduction loss P cond ave of a power device is
where the instantaneous conduction loss is
where u cond is the conducting voltage, i x is the conducting current through the power device, and the duty ratio M (m, t) is a function of the modulation index m. In the upper arm of the MMC, i x is the upper arm current i p , and the duty ratios are expressed in (4). Furthermore, the conduction voltage u cond (i x (t) , T j ) of the power devices has a linearized characteristic as follows:
where U cond0@T ref , r cond0@T ref , K T1 , and K T2 being the coefficients obtained from the data-sheet. In addition, and T ref is the reference temperature, typically at 25
• C or 125 • C. Similarly, the average switching loss P sw ave is
where the instantaneous switching loss is
where f sw being the equivalent switching frequency, U SM is the average capacitor voltage of an SM, K v being the voltage coefficient, and U ref being the reference blocking voltage in the data-sheet. The switching energy loss E sw provided in the data-sheet represents the typical energy loss per pulse as the loss duration varies. S 1 and D 2 have the same loss duration, and S 2 and D 1 share the same loss duration, as shown in Fig. 2 . These characteristics reveal that the losses are inherently unevenly distributed between the power devices in an SM. The loss duration of the power devices is not fixed at 50% of the fundamental-frequency cycle, which is different from the conventional two-level converters. Therefore, the conventional thermal-behavior estimation methods cannot be directly applied to MMCs.
III. PROPOSED THERMAL ESTIMATION METHOD AT FUNDAMENTAL FREQUENCY
As discussed above, the instantaneous power losses have irregular shapes as well as different loss durations. It is difficult to directly translate the instantaneous power losses into the thermal loading. Therefore, an equivalent loss curve is proposed to replace the instantaneous power loss profile for thermal estimation. The equivalent loss curve should meet two conditions: first, the same loss duration and second, the same energy compared with the instantaneous power loss. This will be described in the following sections.
A. Proposed Equivalent Loss Curve
First, in order to simplify the instantaneous power loss, an equivalent power loss curve is proposed to replace it, which is a sinusoidal half wave as follows:
where P peak is the amplitude to describe the average loss and f e is the equivalent frequency to characterize the impact of loss profile duration. Then, the key task is to calculate these parameters. As shown in Fig. 3 , the locations of the zero points determine the equivalent frequency. According to (2) , the zero points of the arm currents can be expressed as follows: where z p1 and z p2 are the two zero points of the upper arm currents. It is obvious that the position of the zero points depends on the phase-shift angle ϕ and the modulation index m. Furthermore, the equivalent frequencies are obtained as follows:
Moreover, the same energy is achieved by an integral calculation. Taking the devices D 1 and S 1 in Fig. 3 as an example, the relationship between the amplitude P peak and the average P ave is expressed as follows:
Therefore, the parameters of (11) are obtained from (13) and (14) . Similarly, the equivalent loss curves of S 2 , D 2 , and the devices in the lower-arm SM are obtained, which is summarized in Table I . It can be observed that the equivalent loss curves are different in the SM, but the same between the upper and lower arms, which reveals the thermal unbalance in the SM. 
B. Thermal Behaviors Estimation
Based on the equivalent loss curve, an analytical model which enables the estimation of the junction temperature behaviors at periodic power loss profiles is further developed. The equivalent loss curve is divided into n steps, as shown in Fig. 4 , where the temperature of one power step is determined by the previous temperature state and the present dissipated power as described in [22] . Then, the thermal model based on a third-order Foster network is obtained as follows: (15) where the thermal resistance R thv and time constant τ thv can be found in the data-sheet.
IV. PARAMETER SENSITIVITY ANALYSIS
As presented in (12) to (14), P peak and f e of the equivalent loss curve are dependent on the modulation index m and the phase-shift angle ϕ. Thus, a parameter sensitivity analysis is necessary. A full-scale MMC is built up on the MATLAB and piecewise linear electrical circuit simulation (PLECS) cosimulation platform to analyze the parameter sensitivity, and the specifications are listed in Table II . Moreover, as presented in [23] , for the power modules, the rating of 4.5 kV and 1.2 kA is the most commonly adopted for MMC systems. Therefore, IGBT modules from ABB 5SNA1200G450350 (4.5 kV/1.2 kA) are chosen as the power module for the HB-SM in the full-scale MMC system in simulations.
A. Sensitivity of the Proposed Model
A comparison between the instantaneous losses and the equivalent loss curves of S 1 and D 1 is illustrated in Fig. 5 . Three equivalent loss curves have the same loss duration with the corresponding instantaneous losses as well as the similar shapes. Moreover, due to the inherent dc-bias in the arm currents, the loss duration of S 1 is always smaller than 0.01 s (half period of 50 Hz), while the loss duration of D 1 is over 0.01 s in all cases. As shown in Fig. 5(a) and (b) , the peak losses of S 1 increase with a smaller modulation index m or a larger phase-shifted angle ϕ, since the average losses increase in those cases. On the contrary, the loss duration has an inverse impact on D 1 , which is illustrated in Figs. 5(c) and (d). Furthermore, since S 2 and D 2 have a similar conduction characteristic in an SM of the MMC, the parameter sensitivity of S 2 and D 2 can be obtained correspondingly.
As illustrated in Fig. 6 , the thermal profiles at 50 Hz based on the equivalent loss curves are in close agreement with the thermal profiles obtained from the instantaneous losses with various parameters. The maximum error is approximately 2
• C. Therefore, the proposed equivalent loss curve is effective for simple loading translation at 50 Hz.
Actually, the thermal behaviors at the fundamental frequency of 1 Hz or lower are interesting in the case of variable frequency applications (e.g., motor drive systems). Hence, it is necessary to explore the sensitivity under low frequencies. As shown in Fig. 7 , the thermal profiles of S 1 and D 1 at 1 Hz are calculated with different parameters. The thermal profiles obtained from the proposed equivalent loss curve match well with the results based on the original instantaneous losses. It should be noted that a large thermal peak exists at low fundamental frequencies. For instance, the temperature swing of S 1 is up to 95
• C when m = 0.4. Thus, the conventional average models without considering the thermal peaks may not be able to identify potential catastrophic overtemperature failures when the converters operate at low frequencies.
B. Simulation Verification
In order to further validate the effectiveness of the proposed thermal behavior estimation method, an MMC simulation model is built up. The parameters are the same as shown in Table II . The case temperature of the four power devices in an SM is kept at 40
• C in simulations. It should be noted that the loss calculation is out of the scope of this paper, and the average losses for the simulation model are the same as those provided for the temperature estimation. The simulation results are shown in Fig. 8 . With the same parameters, the thermal behaviors based on the equivalent loss curve are shown in Fig. 9 . Observations from Figs. 8 and 9 demonstrate that the proposed method can predict the thermal behaviors with high accuracy.
C. Comparison With Other Algorithms
Compared to the proposed equivalent loss curve, two prior-art loss profiles (the fixed half-sine loss profile and the fixed square loss profile) are also widely accepted [18] , [19] , [24] . As shown in Fig. 10 , although both can meet the same energy condition, the loss duration is fixed to 1/(2f 0 ). Based on the two methods, the dc-bias of the arm currents and the operational parameters of the MMC are neglected, which may lead to inaccuracy. This can be observed from the benchmarking results in Fig. 11 . As seen, with the fixed square wave, the difference is the largest, where the maximum difference is approximately 25
• C at 1 Hz [see Fig. 11(d) ]. As for the fixed half-sine wave shown in Fig. 11(a) and (c), the difference is smaller compared with the results of the square wave, but the maximum difference is still above 10
• C. Note that the fixed half-sine loss profile has the same computational complexity compared with the proposed method. However, the difference based on the fixed half-sine loss profile is nearly the double of the results based on the proposed method under the same conditions (see Figs. 6 and 7) . It is illustrated that, although both the fixed half-sine wave and the fixed square wave meet the same energy condition, the power loss distribution during a cycle is also significant for the thermal estimation. Therefore, the fixed square wave and the fixed half-sine wave are not sufficient in the estimation of the thermal behaviors at periodic power loss profiles of MMCs.
V. IGBT CHARACTERIZATION AND EXPERIMENTAL RESULTS
In order to validate the estimation model, experiments have been performed by two steps. The power semiconductors used in this paper are characterized first to obtain the accurate loss information under different temperatures. Then, an experimental platform is built up to test the thermal behaviors at periodic power loss profiles. The test results are also compared with the estimated from the proposed method. 
A. Characterization of the IGBT Module
An accurate thermal estimation is dependent on the accurate loss information. However, in many cases, the data-sheet of power devices does not provide loss information under various temperatures or blocking-voltage conditions. Therefore, the characterization of the IGBT module should be performed first to obtain the loss information. An IGBT module from Infineon F4-50R12KS4 (1200 V/50 A) is selected as the power device in the experiments, and its characteristics are obtained by following conduction losses and switching losses.
According to (5) to (7), the conduction losses rely on the output characteristics of IGBTs and diodes. These characteristics are tested in the laboratory using an Agilent B1506A curve tracer and the temperature is controlled by a Thermostream ATS-515. The test results are shown in Fig. 12 .
Switching losses are measured with a double-pulse circuit [18] , [25] , and the measurement method follows the IEC 60747-9 [26] . The device under test is placed on a hot plate to control the operational temperature, and the blocking-voltage is set as 300 V. The measured switching losses of the IGBT and the diode are illustrated in Figs. 13 and 14 . The turn-on losses of the IGBT and the recovery losses of the diode decrease when the tempera- ture decreases; while the turn-off losses of the IGBT are almost constant under various temperatures, as shown in Fig. 13(b) . Based on the above characteristics of the power semiconductor devices, more accurate power losses are established, enabling more accurate thermal behavior prediction.
B. Experimental Results
In order to validate the effectiveness of the proposed method, experiments are carried out referring to Figs. 15 and 16 . The experimental setup is similar to that in [27] , where its effectiveness has been validated. As shown in Fig. 15 , the configuration consists of two HB-SMs, where one SM is utilized to emulate the arm current reference and the other SM is fed into a switching profile. The junction temperatures of the power devices are then measured and recorded using Opsens optical fibers. Noted that the frequency of the periodic power loss profile is set to 0.1 Hz in the experiments since the temperature-probe has a limited transient response. Then, the following three test conditions are considered.
1) m = 0.8, ϕ = 0 • . Fig. 17 (a) and (b) shows the thermal profiles of S 1 and D 1 , respectively, where i arm = 7.13 + 17.85 sin (2πf 0 t) A. The measured peak temperature of S 1 is about 45
• C, and both the simulated and estimated values are about 45.5
• C. The diode D 1 also exhibits similar performances, where the maximum difference between the estimated and the experimental result is less than 1 • C. Note that although the waveform of D 1 is slightly different from the estimated, only the amplitudes are considered in typical reliability issues. Therefore, the proposed temperature estimation method can provide a relatively accurate prediction of the temperature swings. 2) m = 0.6, ϕ = 0
• . When the modulation index decreases to 0.6 with i arm = 7.13 + 23.78 sin (2πf 0 t) A, the results are shown in Fig. 17(c) and (d) . The maximum temperature of S 1 is roughly 54
• C in the experiment, but the estimated is about 52
• C. The difference between the experiment and the estimated temperature is also around 2
• C for the D 1 . This is mainly due to: 1) The absolutely accurate losses are impossible. Even though the adopted IGBT modules have been characterized experimentally under different temperatures, the estimated losses are still a little different from the real losses. 2) The thermal coupling between the chips, and the thermal variations on the thermal grease and the heatsink also have an impact on the measurements. Therefore, if the simulation results are benchmarked, the difference will be smaller than 2
• . When i arm = 7.13 + 20.59 sin (2πf 0 t − 30
• ) A, the thermal profiles are illustrated in Figs. 17(e) and (f). In this case, the maximum temperature of S 1 is about 51
• C, while the estimated result is only 48
• C. Compared to the simulation result (roughly 49
• C), the difference is smaller. The relatively larger difference compared with the measured value reveals that when the junction temperature has large variations, the negative impact from thermal coupling becomes more significant. For the diode D 1 , a similar result is observed, where the maximum difference is smaller than 2
• C. In addition, it should be noted that the thermal profiles of the diode D 1 have distortions in the experiments and simulations as shown in Fig. 17(b) , (d), and (f). This is due to the negativetemperature coefficient of the diode. Referring to the experimental characteristic of the diode in Fig. 12(b) , the forward voltage of the diode U F is reduced when the temperature increases. It means that the power losses of the diode decrease with the temperature rising. However, the temperature swing (i.e., ΔT j ) is the dominant parameter for the lifetime prediction of IGBT modules rather than the thermal waveform [12] . Moreover, the mission-profiled-based lifetime prediction usually needs to process one-year data or more, which means it needs to deal with approximately 1.6 × 10 9 periodic loss profiles if f 0 = 50 Hz. Thus, it is necessary to simplify the profiles to obtain results in the reasonable time. As the result, the negative-temperature coefficient is not considered in the proposed method, while the prediction accuracy is maintained.
In order to further compare the temperature swings, the results are summarized in Table III . Obviously, the results based on the proposed method can achieve an acceptable estimation accuracy compared the time-domain simulation. In contrast, the prior-art methods (i.e., the fixed square wave and the fixed half-sine wave) have differences up to about 60%. It should be noted that all the explored methods have the same energy during the cycle of the fundamental frequency. However, larger estimated differences reveal that the power loss distribution during the cycle of the fundamental frequency is also vital for the thermal behavior estimation. In the state-of-the-art methods, it is assumed that the loss conduction time is fixed at a half of the cycle period, which is the reason why those methods fail to accurately predict thermal-behaviors in MMCs.
Therefore, considering the errors from the loss calculation and thermal coupling in the power devices, the proposed estimated method can provide a relatively accurate prediction of the thermal behaviors under various conditions. The maximum differences between the simulation and the calculation are less than 2
• C, and the maximum differences between the experiment and the calculation are smaller than 3
• C. Thus, the estimated thermal behaviors enable a more accurate lifetime prediction of the IGBT modules, and also enable a better DfR of the entire MMC system.
VI. CONCLUSION
This paper investigated the thermal-stress distribution at the periodic power loss profile due to the fundamental-frequency current in the power semiconductor devices of MMC systems. Since a large number of fundamental-frequency thermal stresses accelerate the aging, and it is also essential for cooling systems design, an equivalent loss curve was proposed to better estimate the thermal behaviors at the fundamental frequency. In this case, the operational parameters of the MMC were also considered. The parameter sensitivity of the proposed method was discussed with a 30-MW MMC model. Experiments are provided, which validated the effectiveness of the proposed method. Based on the quantitative discussion in this paper, the following conclusions are drawn.
1) Due to the inherent dc-bias arm current of the MMC, thermal behaviors of the power devices are closely coupled with operational parameters. 2) Operational parameters (i.e., m, ϕ, f 0 ) are thus considered in the proposed method. Both the loss curves and the estimated thermal behaviors agree well with the results based on original instantaneous power losses. 3) Neither the conventional fixed half-sine loss profile nor the fixed square loss profile is sufficient in the estimation of the thermal behaviors at the fundamental frequency for the MMC, since both ignore the impact of operation parameters on its inherent thermal unbalance.
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